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Immunization with chemically detoxified pertussis toxin can prevent severe whooping 
cough with an efficacy similar to that of the cellular pertussis vaccine, which normally 
gives unwanted side effects. To avoid the reversion to toxicity and the loss of 
immunogenicity that may follow chemical treatment of pertussis toxin, inactive toxins 
were constructed by genetic manipulation. A number of genetically engineered alleles 
of thc pertussis toxin genes, constructed by replacing either one or two key amino 
acids within the enzymaticaUy active SI subunit, were introduced into the chromo- 
some of strains of Bordetetta pertussis, B. parapertussis, and B. bronchiseptica. These 
strains produce mutant pertussis toxin molecules that are nontoxic and immunogenic 
and that protect mice from the intracerebral challenge with virulent Bordetetta pertussis* 
Such molecules are ideal for the development of new and safer vaccines against 
whooping cough. 
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WHOOPING COUGH, AN ACUTE 
respiratory disease affecting over 
60 million infants and responsi- 
ble for approximately 1 million deaths each 
year, can be prevented by vaccination (1). 
The vaccine currently used, containing killed 
Bordetella pertussis cells (2), although effec- 
tive, has been associated with rare neurolog- 
ical complications and deaths (J), which 
have decreased thc acceptance of thc vaccine 
in many countries (4). As a result, pressure 
has built up to develop safer, acellular vac- 
cines against whooping cough (4), and a 
number of vaccines have been proposed. 

Pertussis toxin (PTX), a major virulence 
factor of Bordetella pertussis, either alone or 
combined with other antigens, is the main 
component of all acellular vaccines so far 
developed (5). A large-scale clinical trial 
carried out in Sweden has shown that chem- 
ically detoxified PTX can prevent severe 
whooping cough with an efficacy equal to or 
close to that of the cellular vaccine (6), 
Unfortunately, thc chemical methods used 
to detoxify PTX are not completely satisfac- 
tory, sincc they give a product with reduced 
immunogenicity, which in some cases has 
been shown to revert to toxicity (7). Com- 
plete and stable detoxification of PTX is 
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mandatory, sincc thc scvcrc complications of 
thc cellular vaccine that can lead to perma- 
nent neurological damage and death may be 
due to minute traces of residual toxin activi- 
ty {8). Thc approach that we have adopted is 
aimed at genetic detoxification. 

Pertussis toxin is a complex bacterial pro- 
tein toxin composed of five noncovalcndy 
linked subunits called, according to their 
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Fig. 1. Production of PTX-129G by II. pertussis 
W28 (X), B. pampvrtussis P14 (□), arid /i. bronchi- 
septica 7865 (■). Bacteria were grown in 125-nil 
flasks containing 15 ml of Steincr-Seholte medi- 
um at 35°C for 72 hours. The amount of PTX 
present in the supernatant was determined by 
enzyme-linked immunoassay {II). Standard devi- 
ation for each data point was less than 15%. The 
other 1TX mutants listed in Tabic 1 were also 
produced by the three BimlenlLt species with a 
similar pattern. 
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Rg. 2. Lcukocytosis-promocing ac- 
tivity of PTX and PTX mutants. 
The assay was performed in 6- to 7- 
wcck-old inbred BALB/c female 
mice (Charles River Breeding Lab- 
oratories, Calco, Italy). Mice re- 
ceived an intraperitoneal inoculum 
of saline alone or containing vary- 
ing doses of wild-type PTX (0.004, 
0.02, 0.04, 0.1, 6.5, 1.0 jig) or 
PTX mutants (0.1, 0.5, 2.5, 12.5, 
25.0, 50.0 ng). Three days after 
injection, a blood sample was 
drawn from the orbital plexus, and 
leukocytosis was measured in a 
Coulter counter (Coulter Electron- * ^ 

ics Ltd., Luton, England). Results arc the mean of leukocyte counts from five individual mice per 
experimental group. Standard deviation for each data point was less than 10%. 
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elcctrophorctic mobility, SI (26.220 kD), 
S2 (21.920 kD), S3 (21.860 kD), S4 
(12.060 kD), and S5 (1 1.770 kD) (9). As in 
the case of other bacterial protein toxins, 
including diphtheria toxin, cholera toxin, 
and Pseudomonas exotoxin A, the toxicity of 
PTX is mediated by an cnzymatically active 
subunit (SI) with adenosine diphosphate 
( ADP)-ribosyItransfcrasc activity (10). 
When SI binds nicotinamide adenine dinu- 
cleotidc (NAD) and transfers the ADP- 
ribose moiety to a family of eukaryotic 
guanosine triphosphate (GTP) binding pro- 
teins (G proteins) involved in transmem- 
brane signaling, the response of eukaryotic 



cells to exogenous stimuli is altered (10). 
The remaining subunits, S2, S3, S4, and S5, 
present in a 1:1:2:1 ratio, form a nontoxic 
oligomer that binds the receptors on the 
surface of eukaryotic cells and allows the 
toxic subunit SI to reach its intracellular 
target proteins. 

We cloned the genes coding for the five 
subunits of PTX from the chromosome of 
B. pertussis, B. parapertussis, and B. bronchisep- 
tica and determined their nucleotide se- 
quences (it). The five genes arc clustered in 
an operon in the following order: SI, S2, 
S4, S5, and S3. Expression of the PTX genes 
requires a promoter region of 170 bp and 



trans-acting factors encoded by a locus 
called uir. Bordetella parapertussis and flj 
bronchiseptica have a defective promoter re* 
gion and do not produce PTX ( 12). | 

Development of recombinant vaccine* 
turned out to be more difficult than anricK 
pated, because Escherichia coli is unable to 
express and assemble pertussis holotoxin 
( /)). High-yield expression of the individual 
subunits was eventually achieved in £. colt 
and Bacillus subtilis and the recombinant St 
subunit retained its enzymatic activity (1SJ 
14). However, none of the recombinant 
subunits alone were able to induce protec- 
tive immunity, possibly because their con- 
formation is different from that found in the 
holotoxin. Therefore, we and others have 
used the E. coli system to identify the amino 
acids of the SI subunit that are essential tor 
the enzymatic activity, with the aim of sub- 
stituting their codons in the chromosome of 
B. pertussis (IS). 

We describe here the construction of Bor- 
detella strains that synthesize and release into 
the culture medium forms of pertussis toxin 
with no detectable toxicity. These molecules 
are immunogenic and induce protective im- 
munity in animal models. 

Substitution of either Arg 9 with Lys, 
Arg 13 with Leu, or GIu 129 with Gly abolish- 
es the enzymatic activity of the recombinant 
SI subunit without impairing its ability to 
be recognized by protective monoclonal 
antibodies (IS). By using homologous re- 
combination (16), we replaced the chromo- 
somal PTX operon of B. pertussis, B. para- 
pertussis, and B. bronchiseptica with an operon 
containing a functional promoter and cod- 
ing for a PTX protein in which the amino 
acid substitutions described above were in- 
troduced by in vitro mutagenesis. All three 
species can express and release into the 
culture medium the mutated forms of PTX 
(Fig. 1). This demonstrates that B. paraper- 
tussis and B. bronchiseptica, which normally 
do not produce PTX, can produce it when 
provided with an active promoter. Under 
these conditions, B. parapertussis is a better 
producer of PTX and, since it grows faster 
than B. pertussis, should be suitable for large- 
scale production of mutant molecules. 

The mutant B. pertussis strains obtained by 
recombination of the PTX operon were 
grown in 5- or 20-liter fermcnters, and the 
mutant PTX molecules were recovered from 
the culture supernatant by Atfi-gel blue ab- 
sorption and were purified on a fctuin- 
Sepharose affinity column ( / / ). The purified 
PTX molecules separated by electrophoresis 
on SDS-acn'lamide gel were indistinguish- 
able from the wild-type PTX (17). In con- 
trast, the ADP-ribosyltransferase activity 
was reduced by a factor of 1000, 200, and 
50 in the three PTX mutants (Table 1). 



Table 1. Properties of PTX and the mutant PTX molecules: PTX-9K, Arg 9 -»Lvs; PTX-13L, 
Arg ,3 -*Lcu; PTX-129G, Glu'- 9 — Gly; PTX-9K/129G, Arg 9 — Lys and Glu ,2v — Gly; PT X-13U129G, 
Arg 11 — » Leu and Glu 129 — ►Gly. The data shown arc the result of at least three determinations and the 
standard deviations for each set of data were usually below 10% and never more than 15%. Clustering 
activity on CHO cells was determined as described ( 18). The minimum clustering dose of PTX was 5 
pg/ml. The double mutants were tested up to a concentration of 5 u.g/ml without detection of any 
clustering activity. The ADP-ribosylarion of transducin assay was performed as described (IS) with 
scalar amounts of PTX (from 5 to 500 ng) or PTX mutants ( 1 to 20 u.g). The minimum amount of PTX 
detected by the assay was 1 to 5 ng. The double mutants did not show any activity up to 20 u,g, the 
maximum amount of protein that could be used in this test. The affinity constant was determined by 
competitive radioimmunoassay in microtiter plates coated either with the monoclonal antibody IB7 
( 19) or goat 7-globulins against PTX: Each sample was analyzed in duplicate. The data were analyzed by 
a nonlinear regression analysis (21) and the affinity constant calculated as described (21). ND, not done. 
Human T cell clones, recognizing different epitopes on the wild-type SI subunit (20) % were incubated 
with mitomycin C-trcated autologous antigen-presenting cells and heat-denatured toxoids at 3 u,g/ml. 
The proliferation assays were performed as described (20). The results obtained with two clones, T2 15 
and S223, rccogniging amino- terminal and carboxyl-tcrminal epitopes, respectively, arc shown in the 
table. Background proliferations were 0.9 and 0.6 counts per minute (cpm) x 10* for T2 15 and S223, 
respectively. The ITX double mutants were also tested with clones SI 06, SI 05, T216, and T219 (20) 
with similar results. 
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Tafcie 2. Vaccine potcncv: mouse survival in response to the intracerebral challenge. Mice were 
imr.v.im/cd via intraperitoneal route cither with the suitable dilution of the cellular vaccine [the standard 
alUiiar v accine w as provided by the National Institutes of Health (Bethcsda) and contained eight 
intc: national protective units per milliliter) or they were immunized intraperitoneally with scalar doses 
of r. e r TX double mutants diluted in saline. After 15 days they were challenged intracerebral ly with the 
li strain 18323. The table reports the survival of mice 2 weeks after challenge. 
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V \ tested tor their ability to cluster Chi- 
n hamster ovary (CHO) cells (18), all 
r its showed a reduced but significant 
r :al toxicity which ranged from 0. 1% to 
2 of the wild-type PTX (Table 1). The 
u cv was even more evident in vivo in the 
t o leukocytosis assay (/S), where even 
t: \st toxic molecule (PTX-9K), at the 
c >f 50 u,g per mouse, could induce a 
s. xant increase in leukocyte number 
( . 1). These results indicate that, whereas 
t: nutations introduced resulted in re- 
d I enzymatic activity and toxicity of the 
T molecules, the toxicity of all mutants 
w till too high to be suitable for vaccine 
pr uction. We therefore introduced two of 
th ; .scribed mutations together in a single 
Si abunit and obtained Bordetella strains 
e\ • cssing SI double mutants (PTX- 
9k 129G"or PTX- 13L/129G). Also these 
new proteins, when separated by electro- 
phoresis on SDS-acrylamidc gels, are indis- 
tinguishable from the wild-type toxin (17). 
However, the treatment of CHO cells with 
up to 5 u,g of the double-mutant proteins 
per milliliter did not show detectable toxici- 
ty. Furthermore, none of the mutant pro- 
teins were toxic in the mouse leukocytosis 
assay up to a dose of 50 u.g per mouse, 
which is a dose 100 times higher than the 
median lethal dose of PTX {Fig. 2). The 
mutant proteins did not show potentiation 
of anaphylaxis nor stimulation of histamine 
sensitivity in mice (/7), which are activities 
typical of PTX ( IS). ADP-ribosyltransferase 
activity could not be detected in vitro (Table 
1). In addition to the mutants described 
above, wc generated more than 30 strains of 
fordttelLt in which most of the mutations 
known to reduce the enzymatic activity of 
SI subunit (15) were introduced, alone 
0r in combination, and resulted in double or 
tnplc mutants. However, most of them were 
n ot usetiil because the mutant PTX proteins 
w cre either produced in low yield, not as- 
Ambled, or found to be toxic. In conclu- 
Sl °n, only the mutant proteins we described 



were essentially nontoxic and produced in 
reasonable amounts so that they represent 
suitable candidates for vaccine development, 
provided that their antigenic and immuno- 
genic properties are similar to those of PTX. 

To test the antigenic properties of the 
PTX double mutants, we used them to 
compete with the binding of 123 I- labeled 
PTX to a monoclonal antibody, previously 
described, that recognizes a conformational 
protective epitope of the SI subunit (19). 
The same mutant proteins were also used to 
compete with the binding of 125 1- labeled 
PTX to a polyclonal antiserum against PTX 
that neutralizes the toxin in vitro and recog- 
nizes all five PTX subunits in an immuno- 
blot. All mutant proteins showed the same 
affinity as wild- type PTX in the competition 
experiment against polyclonal and monoclo- 
nal antibodies to PTX (Table 1). The mu- 
tant PTXs were also challenged for their 
recognition by human T cell clones previ- 
ously shown to be specific for immunodo- 
minant T cell epitopes of the SI subunit 
(20). As shown in Table 1, the T cell clones 
gave a proliferative response in the presence 
of the mutant PTX and autologous antigen- 
presenting cells. This result indicates that 
the immunodominant T cell epitopes of the 
SI subunit from both the wild-type and 
mutant PTX are identical and can be pro- 
cessed by the antigen-presenting cells with 
the same efficiency. We conclude that the 
antigenic structure of the holotoxin is the 
same in both wild -type and mutant proteins 
and that the immunodominant B and T cell 
epitopes of the S 1 subunit are not altered in 
die double-mutant PTX. 

The immunogenicity of the PTX mutants 
was tested by immunizing rabbits with the 
mutant protein according to the protocol 
described by Nicosia et al. ( 13). The antisera 
obtained can neutralize the CHO cell clus- 
tering activity of 5 ng of PTX per milliliter 
up to a dilution of 1 to 100, the same titer 
previously obtained with the wild-type PTX 
(17). Finally, we tested die ability of the 



PTX double mutants to protect mice from 
the intracerebral challenge with virulent B. 
pertussis^ an assay used to test the efficacy of 
the cellular pertussis vaccine (IS). Table 2 
shows that the two mutants protect mice in 
a dose-dependent fashion, with 100% sur- 
vival, down to 4.8 to 12 u-g of mutant 
protein per mouse. 

In conclusion, the PTX mutants described 
here represent ideal candidates for the devel- 
opment of a safer vaccine against whooping, 
cough. 
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Human Cells Lacking mtDNA: Repopulation with 
Exogenous Mitochondria by Complementation 

Michael P. King and Giuseppe Attardi 

Two human cell lines (termed p°), which had been completely depleted of mitochon- 
drial DNA (mtDNA) by long-term exposure to ethidium bromide, were found to be 
dependent on uridine and pyruvate for growth because of the absence of a functional 
respiratory chain. Loss of either of these two metabolic requirements was used as a 
selectable marker for the repopulation of p° cells with exogenous mitochondria by 
complementation. Transformants obtained with various mitochondrial donors exhib- 
ited a respiratory phenotype that was in most cases distinct from that of the p° parent 
or the donor, indicating that the genotypes of the mitochondrial and nuclear genomes 
as well as their specific interactions play a role in the respiratory competence of a cell. 

come pyruvate-dependent (2). Complemen- 
tation of either of these metabolic require- 
ments was used as a selectable marker for the 
repopulation of p° cells with exogenous 
functional mtDNA. 

The p° cell line 143B206 undergoes less 
than one population doubling in the ab- 
sence of uridine, whereas its growth rate 



MITOCHONDRIAL BIOGENESIS IS 
under the control of both the 
nuclear and the mitochondrial 
genome (i). The replication and transcrip- 
tion of mtDNA and the translation of 
mtDNA-coded mRNAs require compo- 
nents encoded in the nucleus, which must be 
imported into the organelles. Most of the 
enzymes of the respiratory chain are oligo- 
meric complexes consisting of both nuclear 
DNA-coded and mtDNA-coded subunits. 
Study of these nuclear-mitochondrial inter- 
actions would be facilitated if it were possi- 
ble to manipulate the mtDNA complement 
of a cell, move mitochondria from one cellu- 
lar environment to another, or introduce 
new genes into mitochondria. 

We have isolated two derivatives of the 
human cell line 143B.TKT, which had been 
entirely depleted of mtDNA by long-term 
exposure to low concentrations of ethidium 
bromide (2). DNA transfer hybridization 
analysis of total DNA from these cell lines, 
designated 143B101 and 143B206 (or 
p°101 and p°206), did not reveal the expect- 
ed mtDNA restriction fragments, under 
conditions in which much less than one 
molecule per cell would have been detected 
(2). These p° cells rely exclusively on glycol- 
ysis for their energy requirements, and, as 
previously shown tor p° avian cells (J), have 
become pyrimidine auxotrophs because of 
the deficiency of the respiratory chain-de- 
pendent dihydroorotate dehydrogenase (4). 
Unexpectedly, these p° cells have also be- 
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closely approaches that of the parental line 
in the presence of uridine at 50 u,g/ml (Fig. 
1A) Thc S rowtn ratc of the 143B parental 
line is not affected by the absence of uridine 
When 5 x 10 6 143B206 cells were grown" 
in the absence of uridine, no colony ap- 
peared even after 10 weeks of selection in 
culture. These p° cells have a similar depen- 
dence on pyruvate [a normal component of 
the Dulbecco modified Eagles medium 
(DMEM) J for growth, undergoing less than 
one population doubling in the absence of 
pyruvate (Fig. IB). In the presence of pyru- 
vate at 100 u.g/ml, the growth rate of this 
cell line is similar to that of the parental line, 
whose growth is not affected by the absence 
of pyruvate. An identical dependence on 
uridine and pyruvate was observed with the 
143B101 cell line (2). 

We used the two p° cell lines for mito- 
chondrial transformation studies. Initially, 
mitochondria were transferred bv rusion of 
cytoplasts with p° cells. Cybrids were 
formed by fusion of cvtoplasts from 
HT1080-6TG human cells (enHTl080) (5) 
with p°101 or p°206 ceils and replaced in 
medium containing bromodeoxyuridinc 
(BrdU) and lacking either pyruvate or uri- 
dine. These media permitted only the 
growth of p° cells that had fused' with 
cytoplasts containing functional mitochon- 
dria. Growth of presumptive transformants 
was observed within 3 to 4 days after ceil 
fusion, and colonies were picked (with a 
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Fig. 1. Growth of (A and B) 143B.TK" (Par) 
cells or 143B206 (p°206) cells and (C) transfor- 
mants 206.4 1 7. U3 and (D) trans form am 
206.41 5. P3 in the presence or absence of uridine 
(U) or pyruvate (P). (A and B) Multiple scries of 
10-cm plastic petri dishes were seeded each with a 
constant number of cells in (A) 10 mi of normal 
DMEM supplemented with 5% dialvzed fetal 
bovine serum (FBS), BrdU at 100 u-g/ml, and 
uridine (U) at 0 or 50 jig/mi, or in (B) 10 ml of 
pyruvate-deficient DMEM supplemented with 
5% dialvzed FBS, BrdU at 100 fig/ml, uridine at 
50 u*g/ml, and pyruvate (P) at 0 or 100 u.g/mJ. At 
various time intervals, cells from individual plates 
w ere trypsinized and counted. (C and D) Growth 
curves of the recipient p°206 cells and of the 
rransmitochondrial cell lines were determined as 
described above. The growth medium was normal 
DMEM supplemented with 5% dialvzed FBS and 
BrdU at 100 ng/mi ( + l\-U), or pvnivate-defi- 
cicnt DMEM supplemented with 5% dialvzed 
FBS and BrdU at 100 u,g/ml (-U,-P), or the 
latter medium plus uridine at 50 M-g/ml ( + U,- P), 
or the same medium plus uridine at 50 u^/ml and 
pyruvate at 110 ug/ml ( + U, + P). The transformants had been maintained in their original selective 
media tor p weeks (206.415) and 7 weeks (206.417) after fusion. The transmitochondrlal derivatives 
were obtained by fusing 143B206 cells with cytoplasts from HT1080-6TG. For preparation of 
cytoplasts, HT1080-6TG cells were plated on 35-mm dishes at -2 x 10 5 cells per dish After -24 

vir^ ^'m^V^m/^ulnl ^f chcd C ° thc P ' atC {1S) - Thc blasts were fUsed as a monolayer 
u ith 3 x ip-to 8 x lO* 143B206 cells ( /6), and incubated in DMEM supplemented with 5% FBS and 
undine at M>_ ng/ml. The cells were replated 1 to 3 days after rusion and placed in selective medium, 
^elective undine-tree medium consisted of DMEM supplemented with 5% dialvzed FBS and BrdU at 
um l u.g/m I. and selective pyruvatc-frcc medium consisted of DMEM lacking pyruvate sunplemciued 
with 3% dialvzed FBS, uridine at 50 jig/ml, and BrdU at 100 ng/ml. 
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